Tool paths of a complex contour machining generated by commercial CAD/CAM systems are mainly composed of many short linear/circular blocks. Though the look-ahead algorithms can improve speed and accuracy in the machining of short linear/circular segments, most of them just deal with linear segments with trapezoid acceleration and deceleration (acc/dec). In addition, the look-ahead algorithms with S-curve acc/dec are too complex to adopt the equivalent S-curve profile by approximation algorithm. To increase the smoothness of feedrate profile and machining efficiency of continuous short line and circle machining, this paper presents a feedrate profile generation approach and corresponding look-ahead algorithm with whole S-curve acc/dec. With the proposed look-ahead scheme, the feedrate profiles with S-curve acc/dec can work efficiently in a lot of short line and circle segments. Thus, the machining productivity can be increased and the feedrate profiles are smooth. The simulation and experiments verify the feasibility and validity of the proposed approach.
Introduction
Tool paths are currently generated by commercial CAD/ CAM systems. Curves are usually approximated to a number of linear/circular blocks in CAD/CAM systems according to the feedrate and accuracy in CNC machining. During highspeed machining, the rapid and abrupt change of direction at the corner between two adjacent blocks causes vibration which is harmful to the machine mechanics and the surface finish. Therefore, to maintain the machining quality, the feedrate at the corner is set to zero in conventional NC machining, which may lead to low efficiency.
To maintain the machining quality and improve the efficiency with multiple paths within machining parameter constraints, many approaches have been proposed. One of approaches is parametric interpolation algorithms [1, 2] , which generates a curved cutter path directly without segmentation contour processing. However, the computation load is heavy and inevitable errors are introduced by employing a truncated Taylor series. At the same time, there are a lot of actual workpieces described by the linear and circular codes. Therefore, there is a need to research the linear and cicular interpolation algorithm.
One of the most efficient approaches is look-ahead interpolators. In order to keep the feedrate continuity, it looks ahead several paths to detect the sharp corners of paths and overrides the feedrate profile instead of planning the individual path with an acc/dec profile. References [3] [4] [5] [6] [7] proposed an approximation method which fit continuous short line blocks into parametric curves before interpolation. Feedrate fluctuations associated with the approximation errors should be limited in this method. Zhang et al. [8] presented a multiperiod turning method to improve the feedrate at the junctions using the linear acceleration and deceleration mode. But this method is only applied to micro line segment. Some velocity planning approaches have been proposed in [9] [10] [11] [12] . All these methods used linear acc/dec algorithm, which usually exhibits a jump in acceleration at the beginning and the end of velocity adaptation phase. S-curve acc/dec with better servo instantaneous characteristic is used in lookahead algorithm [13, 14] . However, it is too complex to adopt the equivalent S-curve profile by approximation algorithm. It is not a whole S-curve profile, which may lead to overshoot for large acceleration.
It should be noted that the path lengths are arbitrary in the usual NC programming. All these look-ahead algorithms mentioned are only used for continuously microline segments. This paper proposed a look-ahead interpolation algorithm with the S-curve acc/dec for continuous linear/circular segments. During the motion, the feedrate profiles are constructed and checked within the machining constraints and the discretization of path with S-curve acc/dec. In addition, the paths of arbitrary length are also considered during interpolation.
This paper is organized as follows. In the next section, feedrate profile formulations with S-curve acc/dec are derived. Section 3 details the look-ahead algorithm. Simulation and experiments with the proposed look-ahead scheme are given in Section 4. Finally, a conclusion is given in Section 5.
Feedrate Profile Formulation
2.1. Discretizing the Normal S-Curve acc/dec. S-curve acc/dec can avoid mechanical shock imposed on the servo system and get stable motion along the tool path. Figure 1 shows the kinematics profiles used in the normal S-curve acc/dec. The profiles can be divided into acceleration-speed zone, constant-speed zone, and deceleration-speed zone. For the motion along the tool path, accelerations have trapezoidal profiles with prespecified slopes values. The maximum allowable acceleration and deceleration are and , respectively.
Considering Figure 1 , the starting point feedrate is V start , the end point feedrate is V end , the desired feedrate is V , the starting and end point acceleration is zero, the maximum allowable jerk at acceleration-speed zone is 1 , and the maximum allowable jerk at deceleration-speed zone is 2 . The normal S-curve acc/dec has seven regions with time ( = 1, 2, . . . , 7),
and are integral, and is the sample period. The travel length is . If the feedrate profile is symmetrically smooth, is equal to . In the traditional CNC system, the times 1 , 5 and are prespecified. If there is acceleration or deceleration, the acceleration time or deceleration time are the prespecified constants, which may reduce efficiency. The accelerations and and the jerks 1 and 2 are prespecified in terms of machine mechanics.
Determination of the Numbers of Interpolation Steps for
Each Region. At the acceleration zone, the desired feedrate V is obtained as follows:
By imposing the jerk limits values on 1 and maximum allowable acceleration , is obtained as follows:
If there is < / 1 , we can modify to make ≥ / 1 ; That is,
Similarly, at deceleration zone, can be obtained as follows:
and can be obtained by (2) and (5), respectively. If is changed, and are calculated by determined by (7) .
Given the numbers of interpolation steps for all regions (except the constant-speed region) specified, the travel length is obtained as follows:
Then the number of interpolation step for constantspeed region is calculated as follows:
The numbers of interpolation steps for different regions are expressed as
is rounding. There are three ways to eliminate rounding error. One is to change the desired feedrate V . The other is to alter starting point feedrate V start . The third is to modify the end point feedrate V end . 
The jerk at acceleration-speed zone can be recalculated from (1):
Similarly, the jerk at deceleration-speed zone can be recomputed as follows:
The readjusted values of jerks and feedrate should not be greater than the maximum allowable values. Considering (9), (11), (12), and (13), the following in-equations are valid:
For the machining, the feedrate cannot be changed too drastically. Therefore, it is necessary to check the feedrate variation :
Then we can arrived at
For normal block, the value of + + is much greater than 1, so that the feedrate variation can be neglected.
The S-curve acc/dec sampled-data formulation for each region can be determined by the method stated in [15] . It is
where 
The starting point feedrate can be calculated from (8) as follows:
The jerk at acceleration-speed zone can be recomputed from (1):
The sampled-data formulations of S-curve acc/dec for each region are similar to (13) . Considering (19), (20), and (21), there is a relationship as follows: 
The jerk at deceleration-speed zone can be derived from (3):
The sampled-data formulations of S-curve acc/dec for each region are similar to (13) . Considering (19), (23), and (24), we can reach
We can adjust V start , V end , V , 1 , or 2 to discretizing linear/circular path with S-curve acc/dec. This provides a way of calculating the trajectory machining parameters for lookahead interpolation.
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Feedrate and Travel Length Constraints.
In order to generate a feedrate profile, it is necessary to check the path which is a normal or short block. The normal block has accelerationspeed zone, constant-speed zone, and deceleration-speed zone, shown in Figure 1 . The short block does not have constant-speed zone. The S-curve acc/dec sampled-data formulations of normal block are (17). The formulations of short block are similar to (17). According to the travel length, the path is divided into seven types. The normal block refers to Type 1. Types 2 to 7 belong to the short block. Type 1 should satisfy
Type 2 which has no constant-speed zone (that means is zero) is shown in Figure 2(a) . It has an accelerationspeed zone and a deceleration-speed zone with constantacceleration regions. It accelerates to a certain speed from starting point feedrate, then changes to deceleration-speed zone and reaches the end point at feedrate V end . With the travel length shortening, the time of constant-acceleration region is decreasing. In case of Type 2, the following equation should be satisfied:
(27) Type 3 has neither constant-speed zone nor constantacceleration regions (that means and are zero), as shown in Figure 2 (b). Type 3 also has acceleration-speed zone and deceleration-speed zone. The difference between Type 3 and Type 2 is that Type 3 has no constant-acceleration regions. The condition in Type 3 is represented as follows:
In case end point feedrate is equal to V , Type 4 that has constant-speed and acceleration-speed zones is to accelerate to speed V and keeps moving at this speed until end point is reached. Or if starting point feedrate is equal to V , Type 4 that has constant-speed and deceleration-speed zones keeps moving at speed V until the deceleration point is reached; then the speed decelerates to V end . Equation (29) needs to be satisfied for Type 4, as shown in Figure 2 (c):
The difference between Type 5 and Type 4 is that the starting and end point feedrates of Type 5 are not equal to V , as shown in Figure 2( 
Without constant-acceleration region, Type 6 has only acceleration-speed or deceleration-speed zone, shown in Figure 2 (e). It is checked as
If the travel length is short enough, the type of S-curve acc/dec refers to Type 7, shown in Figure 2( V start , Type 7 accelerates or decelerates to V end at the end point. Type 7 is tested as
Corner Angle Constraints.
The feedrate and its direction could be changed at the path turning point, which may cause acceleration. The acceleration that should be less than the maximum allowable acceleration max is associated with the turning angle and the feedrate V at the corner point. V should meet the following [11] :
The corner angle is the angle between the path tangent of forward direction and the next path tangent +1 at the turning point, shown in Figure 3 . There are four different types at the turning point: line to line, line to arc, arc to line, 
Look-Ahead Scheme
The look-ahead algorithm which takes the characteristics of path, machine tool, and feedrate profile into consideration realizes the smooth transfer in interpath. The look-ahead scheme assures the smooth movement and the accessibility of the starting point and end point feedrates of each path. The interpolation of G01, G02, and G03 codes can be achieved by adjusting starting point feedrate V start , end point feedrate V end , and feedrate V according to the travel length and the machining parameters. There are three types of algorithm to adjust machining parameters.
Algorithm A. The interpolation can be achieved by modifying the starting point feedrate V start and jerk 1 .
Algorithm B. The interpolation can be completed by adjusting the end point feedrate V end and jerk 2 .
Algorithm C. The interpolation can be realized by recalculating the feedrate V and jerks 1 , 2 , but the starting point and end point feedrates are not changed.
Algorithm of Look-Ahead Scheme.
In order to guarantee the accessibility of the starting point and end point feedrates of each path, the look-ahead scheme is realized as follows.
Step 1 (calculating turning point feedrates). The controller reads paths before interpolation and the look-ahead path number is determined by the controller. The starting point feedrate of the first path and the end point feedrate of last path are V Step 2 (dividing the paths into blocks). Starting with the first path, the end point feedrates of each path are determined by Algorithm B in order until the last path. The break paths are
Figure 4: The look-ahead path.
checked and recorded. The break path whose travel length is so short that the path cannot be interpolated with the S-curve acc/dec is referred to as Type 7. The starting point and end point feedrates of the break path are set according to Type 7. The paths are divided into blocks by break paths. All the paths lying in every two adjacent break paths are classified into one block. The starting point feedrate of the block is the end point feedrate of the front break path. The end point feedrate of the block is the starting point feedrate of the behind break path.
The longest perfect paths of each block are checked and recorded. The perfect path that can be determined by Algorithm C is referred to as the path in which the interpolation can be completed by adjusting feedrate V and jerks 1 , 2 ; the starting and end point feedrates are not changed. Types 1 to 6 belong to the perfect path.
Step 3 (determine the starting and end point feedrates). Supposing paths ℎ , ℎ−1 , . . . , belong to a block, is the longest perfect path, shown in Figure 4 . Starting with the path ℎ , the end point feedrates V ( = ℎ+1, ℎ+2, ℎ+3, . . . , −1, ) of paths are determined by Algorithm B in order until the path −1 . The end point feedrate of path −1 and the starting point feedrate of the path are V . Starting with , the starting point feedrate V ( = + 1, , . . . , + 1) of path is determined by Algorithm A in the reverse order until the path +1 . The starting point feedrate of path +1 and the end point feedrate of path are V +1 . The starting point and end point feedrates of the longest perfect path are V and V +1 , respectively. Since is perfect path, it can be interpolated by recalculating the feedrate V and jerks 1 , 2 , the starting point and end point feedrates are not changed.
Step 3 is repeated until all the blocks are treated and all the starting and end point feedrates of paths are recorded in the look-ahead buffer queue.
Step 4 (real-time interpolation). Take the first path in the look-ahead buffer queue. Calculate the time of every region with the S-curve acc/dec and compute the interpolation point in S-curve acc/dec sampled-data formulations. The movements of mechanics are executed according to the interpolation points. When the interpolation of current line is completed, Step 4 is repeated until all the paths are finished. The look-ahead scheme flowchart is shown in Figure 5 .
Simulation and Experiment
Several simulations and experiments applying the proposed approach were made on a CNC milling machine, in which Table 1 shows the coordinates of the starting and end points of 10 small linear/circular segments describing a piece of 2D curve which is deliberately chosen to test the proposed look-ahead scheme. As shown in Figure 6 , the first five paths are lines. The sixth path is a circle. There are two sharp corners from the seventh to the tenth path.
The feedrate profiles are shown in Figure 7 . Without lookahead scheme, it has always the acceleration and deceleration phases in each path and the machine tool never reaches the desired feedrate, as shown in Figure 7(a) . With the proposed look-ahead scheme, although there are two sharp corners, the feedrate accelerates to desired feedrate and almost keeps moving in this speed until the end point, as shown in Figure 7 (b).
The proposed look-ahead scheme can decrease the numbers of the break paths and zero feedrate. As shown in the first row of Table 2 , the travel length of path 2 is too short. In [12] [13] [14] , path 2 is a break path whose starting and end point feedrates are zero.
With this look-ahead scheme, path 2 is not a break path, as shown in Table 2 . As shown in Figure 5 , there are two sharp corners at the turning points of point 8 and 10. In [12] [13] [14] , the end point feedrates of seventh and ninth path segment are zero. With this proposed look-ahead scheme, the end point feedrates of seventh and ninth path segment are not zero, as shown in Table 2 . As a result, the machining time with the proposed look-ahead scheme was approximately 1 s, while the time without the look-ahead scheme was about 2 s, as shown in Figure 7 . The part shown in Figure 8 was machined on a fiveaxis machining center controller with an in-house developed CNC running on microC/OS-II real-time operation system. The experimental results showed that the machining time was dramatically shortened when the proposed approach is applied. Moreover, the feedrates are smoother than those without look-ahead approach and the final contour accuracy of the parts is satisfying.
Conclusion
Look-ahead scheme is the key issue of high speed and high precision CNC machining for small paths. We propose a feedrate profile generation approach and corresponding look-ahead algorithm with whole S-curve acc/dec. The proposed look-ahead scheme can handle both small line and circle segments. The feedrate profiles generation effectively predetermines the numbers of interpolation steps for different regions and the discretion feedrate of the path with Scurve acceleration and deceleration. As a result, the lookahead algorithms with S-curve acceleration and deceleration easily meet real-time requirements. The simulations and experiments showed that the proposed approach is feasible and effective.
